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We examined CH/p hydrogen bonds using an ab initio fragment molecular orbital (FMO) method, com-
bined with the CHPI program, to evaluate complexes of active (bound with agonist 1) and inactive (bound
with inverse agonist 2) b2 adrenergic receptor (b2AR) states. In both states, we found that CH/p hydrogen
bonds were present. Subtle changes in the binding pocket between the active and inactive states of b2AR
were observed. Comparison of the CH/p networks in both states suggests that the networks differ at the
b2AR core. Recombination of the CH/p hydrogen bonds occurred during conversion between the two
states. We suggest that CH/p hydrogen bonds play a key role in ligand recognition and conversion
between the active and inactive states.

� 2011 Elsevier Ltd. All rights reserved.
1. Introduction

G protein-coupled receptors (GPCRs) are involved in many
physiological processes, including detection of various extracellu-
lar signals and their transduction to the cell interior.1 More than
800 different GPCRs are present in the human genome.2,3 GPCRs
are activated by a diverse range of endogenous ligands, including
biogenic amines, peptides, protein hormones, nucleosides, lipids,
and eicosanoids. Indeed, approximately half of all commercially
available drugs act on GPCRs. Ligands of GPCRs are classified into
four groups, according to their effects: (1) an agonist, which max-
imally activates the receptor; (2) a partial agonist, which induces
sub-maximal activity; (3) a neutral antagonist, which has no effect
on basal activity but blocks activity of other ligands; and (4) an in-
verse agonist that inhibits the basal activity.

X-ray crystal structures of GPCR complexes were determined
for bovine rhodopsin in 2000.4 Structures of b2-adrenergic GPCR
(b2AR),5,6 b1-adrenergic GPCR (b1AR),7 and the A2A adenosine
receptor (A2A)8 have also been solved. More recently, structures
of the dopaminergic receptor 3 (D3)9 and the CXR4 receptor10 were
ll rights reserved.
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solved. These structures have provided evidence that not only
hydrogen bonds, but also nonpolar interactions, contribute to li-
gand recognition by GPCRs.

Involvement of nonpolar interactions during ligand recognition
occurs in many GPCRs. For example, Klabunde et al. studied thir-
teen GCPRs and argued that nonpolar interactions were key ele-
ments for GPCR ligand recognition.11 McAllister et al. noted that
CH/p hydrogen bonds are important during ligand binding by the
cannabinoid CB1 receptor.12 For the serotonin 5-HT6 receptor,
Fuente et al. suggested that CH/p hydrogen bonds increased inac-
tive state stability.13

In 2011, the structures of b2AR14,15, b1AR16, and A2A
17, in com-

plex with their agonists, were determined. Comparison of the ac-
tive and inactive b2AR structures revealed that the active state
binding pocket was subtly different.15 This change was coupled
with an outward movement of the cytoplasmic end of transmem-
brane 6 (TM6) by 11 Å, triggering binding of the G protein. This
movement is closely linked to the packing rearrangement interac-
tion among nonpolar residues, especially Ile1213.40 and Phe2826.44.
These findings suggest that nonpolar interactions are involved in
the conversion between the active and inactive states of b2AR.

Based on these results, we hypothesized that the nonpolar inter-
actions observed in the ligand/GPCR interactions can be attributed
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primarily to CH/p hydrogen bonds. To evaluate this, we used a frag-
ment molecular orbital (FMO) method and program-search using
CHPI.18 The CHPI program was originally used to search short con-
tacts between CH groups and p systems in proteins.19 This software
is now freely available as BioStation Viewer.20

The CH/p hydrogen bond is an attractive molecular force, simi-
lar to NH/p,21 OH/p,22 and CH/O23 hydrogen bonds. The energy of a
single CH/p bond is ca. 1.5–2.5 kcal/mol in, for example, aliphatic
and aromatic compounds.24–26 Analysis of the Cambridge Struc-
tural Database (CSD) demonstrated that the distance between a
hydrogen atom and the nearest neighboring carbon atom of an aro-
matic group is approximately 2.9 Å,27 which corresponds to the
sum of the carbon and hydrogen atoms’ van der Waals radii. CH/
p hydrogen bonds are often observed in biomolecules, and are
important in protein-ligand interactions.28–31 For example, Imam-
oto et al. found that a single CH/p hydrogen bond governs the sta-
bility and bioactivity of photoactive yellow protein.32 Plevin et al.
found that the methyl groups in leucine are involved in the CH/p
hydrogen bond by examining NMR coupling constants.33

The molecular orbital (MO) method is useful for studying molec-
ular interactions. Sakaki et al. first calculated the energy of the CH/p
hydrogen bond at the second-order Møller–Plesset perturbation
theory (MP2) level, and concluded that the CH/p hydrogen bond
was predominantly stabilized through dispersion interactions.34

This study was followed by many high-level MO calculations.35–37

Applying the MO method to large molecules, such as proteins
and nucleic acids, is very challenging. To approach this problem,
Kitaura et al. developed a technique known as the fragment molec-
ular orbital (FMO) method.38–40 Using the FMO method, a protein
is divided into fragments (amino acid residues), and MO calcula-
tions are performed on each fragment (monomer) and fragment
pairs (dimer). The properties of the protein are then estimated
based on the individual properties of the monomers and dimers.
Furthermore, the inter-fragment interaction energies (IFIEs), ob-
tained using the FMO scheme, correspond to the interaction ener-
gies between a ligand and each amino acid residue, when
considering a complex between a protein and a ligand. Thus, IFIEs
can be used to evaluate various interactions, including the CH/p
hydrogen bonds in biomolecules.41–45

In this Paper, we examine whether the CH/p hydrogen bonds
are involved in GPCR recognition of agonists and inverse agonists.
Several CH/p hydrogen bonds have, in fact, been detected using
CHPI analysis, and semi-quantified using the FMO method. Further,
we demonstrate that changes in the CH/p network reflect differ-
ences in the b2AR active/inactive state structures.
Figure 1. Fragmentation of molecules. (a) The protein was divided into individual
amino acid residues. (b) Each carbonyl group (ith) was allocated to the next (i + 1)th
residue.
2. Methods

2.1. Molecular modeling

2.1.1. Complex between agonist (1) and b2AR
The crystal structure was provided pre-complexed with a cam-

elid antibody fragment termed a ‘nanobody’ (PDB code 3P0G). Be-
cause interactions between the nanobody and b2AR are minimal,
the final structure did not include the nanobody region from 3P0G.

2.1.2. Complex between inverse agonist (2) and b2AR
This crystal structure was provided as a human b2AR-T4 lyso-

zyme fusion protein (PDB code 2RH1). Because interactions be-
tween T4 lysozyme and b2AR are minimal, the final structure of
b2AR region did not include the T4 lysozyme unit from 2rh1.

2.1.3. Crystal structure refinement
Crystallographic resolutions of the protein/ligand complexes

were 3.5, and 2.4 Å for b2AR/1 (3P0G) and b2AR/2 (2RH1), respec-
tively. Hydrogen atoms were generated using molecular graphic
software Discovery Studio 2.5.5 (Accelrys, Inc., San Diego, CA).
We assumed that the N-termini of the lysine and arginine side
chains were protonated, while the C-termini of aspartic and glu-
tamic side chains were deprotonated. The CHARMm force field
implemented in Discovery Studio 2.5.5 was used for the minimiza-
tion steps. Protein structures were optimized by the steepest des-
cent (SD) method at a dielectric constant of e = 4R (R: distance).
Optimization was performed stepwise. Initially, structures were
minimized under conditions that constrained nonhydrogen atoms.
Next, the protein backbone atoms were constrained. At the final
step, all atoms were minimized with the harmonic atom con-
straint. The force constants of the harmonic atom constraints grad-
ually decreased from 100.0 to 10.0, and then to 1.0 kcal/mol Å2. The
positions of heavy atoms in complexes were virtually identical to
the original coordinates after minimization; root mean square
deviation (RMSD) values of heavy atoms were 0.53 and 0.32 Å for
b2AR/1 (3P0G) and b2AR/2 (2RH1), respectively.

2.2. CHPI analysis

CH/p hydrogen bonds were evaluated using the program ‘CHPI’,
implemented in BioStation Viewer.20 This program determines the
distances and angles between CHs and interacting aromatic rings.
The criteria for the CH/p hydrogen bonds differ according to the
position of the CH hydrogen; a detailed description of the CHPI
analysis has been provided previously.18

2.3. FMO calculations

Using the FMO method, a molecule or molecular cluster is di-
vided into M fragments (monomers), as shown in Figure 1a. Ab ini-
tio calculations are then performed repeatedly on these monomer
fragments in the presence of the electrostatic potential created by
surrounding (M-1) monomers (VI), until all the monomer densities
become consistent. Next, the dimer equations are solved in the
presence of the electrostatic potential from neighboring (M-2)
monomers (VIJ). Finally, total energy of the system, E, is written as
Eq. 1, using the total energies of the monomer EI and the dimer EIJ.

E ¼
XM

I>J

EIJ � ðM � 2Þ
XM

I

EI ð1Þ

The internal fragments interaction energy (IFIE) in the FMO cal-
culations are defined by Eq. 2,

DEIJ ¼ ðE’IJ � E’I � E’JÞ þ TrðDPIJVIJÞ ð2Þ

where PIJ is a differential density matrix, VIJ is the environmental
electrostatic potential for dimer IJ, and E0I and E0IJ are the energies
of the monomer and the dimer, respectively, in the absence of envi-
ronmental electrostatic potential.



Figure 2. Hydrogen bonds observed between b2AR and 1. Green dotted lines
indicate hydrogen bonds.
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In this study, the protein was divided into single amino acid
residues to investigate intermolecular interactions between the
protein and ligand, based on the amino acid residues. The frag-
mented residues did not correspond exactly to each amino acid
residue because partitioning of the chemical structure in the
FMO scheme was performed between the Ca atom and the main-
chain carbonyl group. Thus, the main-chain carbonyl group of the
ith residue was assigned to the (i + 1)th residue fragment (Fig. 1b).

Single-point energy calculations were performed by Hartree–
Fock (HF) and second-order Møller–Plesset perturbation (MP2)
methods, using the 6-31G basis set (FMO-HF/6-31G and FMO-
MP2/6-31G): 4,700 atoms and 25,744 basis functions for complexes
between b2AR and 1. All FMO calculations were performed with the
ABINIT-MP program.20 Calculations were carried out on a Pentium
4 3.4-GHz cluster (20 CPUs). This system (FMO-MP2/6-31G) re-
quired approximately 50 h to analyze the b2AR and 1 complex.

2.4. Basis set size, BSSE, and overestimation of dispersion energy
by the MP2 method

While calculating CH/p hydrogen bonds, the size of the basis
set, the basis set superposition error (BSSE), and overestimates of
the dispersion energy by the MP2 method must be accounted for.
Ishikawa et al.46 applied a local MP2 method to the FMO scheme,
and investigated the basis set dependence on a component of the
dispersion energies, namely the individual pair correlation energy
ratios of selected orbital pairs to the total dispersion interaction.
Using a model compound (CH3OH-C6H6), they showed that the
components of the dispersion energies were independent of the
basis set size. Ratios of the sum of dispersion energy components
in three rCH/pCC pairs to the total dispersion interaction energies,
were 31.2%, 29.4%, 30.8%, 33.1%, 36.3%, and 36.3% using the 6-
31G, 6-31G⁄, 6-31G⁄⁄, cc-pVDZ, cc-pVTZ, and cc-pVQZ basis sets,
respectively. This demonstrates that information regarding the rel-
ative importance of dispersion energies can be obtained, even
when using small basis sets, such as 6-31G.

Treatment of BSSE in the FMO scheme has not been established.
Ishikawa et al.47 introduced the counterpoise method into the FMO
scheme, and showed that interaction energies obtained from FMO
calculations can be used in qualitative discussions without correct-
ing for BSSE.

Several high-level ab initio calculations were performed, evalu-
ating CH/p hydrogen bonds. According to Tsuzuki et al.48 the inter-
action energies of the benzene-methane complexes obtained using
the MP2 method were overestimated by 30%, compared with
determined using the CCSD(T) method (cc-pVTZ basis set).
Table 1
Interaction energies (in kcal/mol) between b2AR and ligands 1 and 2

Agonist (BI-167107 1)

EMP2
a ERHF

b DEMP2-RHF
c

Asp1133.32 �107.3 �100.2 �7.1
Asn3127.39 �30.5 �24.9 �5.6
Ser2035.42 �10.2 �7.1 �3.1
Tyr3087.35 �8.2 �5.3 �3.0
Phe1935.32 �7.9 3.0 �10.9
Ser2045.43 �5.0 �3.4 �1.5
Phe2906.52 �4.8 �1.7 �3.1
Phe2896.51 �4.7 �0.6 �4.1
Trp2866.48 �3.4 �2.8 �0.6
Val1143.33 �3.1 1.5 �4.6
Ser2075.46 �2.8 �1.1 �1.7

a Interaction energies calculated at the MP2/6-31G level.
b Interaction energies calculated at the RHH/6-31G level.
c EMP2 � ERHF in kcal/mol.
d Changes in the interaction energies between agonist 1 (active) and inverse agonist 2 (
Taken together, the FMO/MP2/6-31G results for the CH/p
hydrogen bonds are semi-quantitative. The purpose of this study
was to examine the role of CH/p hydrogen bonding in the b2AR.
Thus, our semi-quantitative results are useful for studying b2AR/li-
gands and intra-residue interactions for drug design.

3. Result and discussion

3.1. b2AR/agonist complex

CHPI analyses and FMO calculations revealed that agonist 1 (BI-
1677107) binds b2AR through a variety of molecular interactions,
including salt bridges, conventional hydrogen bonds, CH/O, and
CH/p hydrogen bonds. The interaction energies between 1 and
b2AR are summarized in Table 1. As shown in Figure 2, a salt bridge
is formed between Asp1133.32 (the superscript value refers to Bal-
lesteros numbering for identified amino acid positions for GPCRs:
the former figure is the transmembrane number and the latter is
the position of the residue) and the ethanolamine component of
1 (interaction energy of �107.3 kcal/mol). This Asp is highly con-
served in biogenic-amine binding GPCRs. Two hydrogen bonds
are formed between Asn3127.39 and the ethanolamine domain of
1 (interaction energy of �30.5 kcal/mol). These three interactions
are common among agonists and inverse agonists of b2AR.

The desolvation energy relates to the competition between the
protein–ligand interaction and their interactions with water.49 This
is an important contribution to the binding of ligand to protein, and
is more important in membrane proteins, such as GPCRs, because
the ligand must be completely desolvated to bind to the receptor.50

This desolvation penalty is essential for a polar or charged system,
Inverse agonist (Carazolol 2) Changes

EMP2
a ERHF

b DEMP2-RHF
c DEMP2

d

�134.8 �126.9 �7.9 27.5
�29.3 �24.2 �5.1 �1.2
�4.6 �2.7 �1.9 �5.6
�6.1 �4.9 �1.2 �2.1
�3.3 1.0 �4.3 �4.6
�5.4 �2.8 �2.6 0.4
�3.8 0.7 �4.5 �1.0
�4.6 0.1 �4.7 �0.1
�5.3 �2.7 �2.7 2.0
�4.8 0.4 �5.2 1.7

2.1 3.1 �1.1 �4.9

inactive); DEMP2 = EMP2(Agonist 1) � EMP2(Inverse agonist 2) at the MP2/6-31G level.



Table 2
CH/p distances between b2AR and ligands 1 and 2
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1'
2'

α'
α'Me1

α'Me2

2
1

3

4

5
6

1a
α

β

1 2

Agonist (BI-1671071 1) Inverse agonist (Carazolol 2)

p acceptor p donor Distancea p acceptor p donor Distancea

Ligand 6 Val114 CHc 2.9 Ligand 3 Val114 CHa 3.0
Ligand 7 Val114 CHc 3.0 Ligand 2 Val114 CHc 2.7
Ligand 8 Phe289 CHe2 3.0 Ligand 4 Val114 CHc 3.0
Ligand 6 Phe290 CHf 2.9 Ligand 1a Phe290 CHe2 2.8
Ligand 2’ Phe193 CHb 2.9 Ligand 3 Phe290 CHf 2.7
Phe193 Cc Ligand a’MeH1 2.9 Ligand 6 Phe193 CHe2 2.9
Phe193 Cd Ligand a’MeH2 2.9 Phe289 Cf Ligand CHb 2.8

a H/C inter atomic distance in Å.
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because the interaction between ligand and water is primarily an
electrostatic interaction. Interaction energies between Asp1133.32

and Asn3127.39 and 1 would be markedly reduced by the desolva-
tion penalty. In contrast, desolvation has little effect on the disper-
sion interaction. As a result, other interactions, mentioned below,
also contribute to the binding of 1 to b2AR.

Three serine residues in TM5 (Ser2035.42, Ser2045.43, and
Ser2075.46) are important for the binding of agonists. The heterocy-
clic component of 1 interacts with Ser2035.42 and Ser2075.46 through
hydrogen bonds (interaction energies of �10.2 and �2.8 kcal/mol,
respectively). The interaction energy of Ser2045.43 (�5.0 kcal/mol)
is attributed to the CH/O hydrogen bond between the hydroxyl
group of 1 and the carbonyl oxygen of Ser2035.42, which is allocated
to Ser2045.43 due to the FMO fragmentation rule (Fig. 1). This indi-
cates that Ser2045.43 does not interact directly with 1.

Using CHPI analysis, four residues (Val1143.33, Phe1935.32,
Phe2896.51, and Phe2906.52) were been found to have short CH/p
contacts with 1 (Table 2). As shown in Figure 3a, the heterocyclic ring
Figure 3. CH/p hydrogen bonds observed between b2AR and ligands 1 and 2 (stereo
view). Green lines indicate CH/p hydrogen bonds.
of 1 is located between Phe289, Phe290, and Val114. The interaction
energies are estimated to be �4.7, �4.8, and �3.1 kcal/mol for
Phe2896.51, Phe2906.52, and Val1143.33, respectively. The interaction
energies are significantly larger than those obtained from HF calcu-
lations: �4.7 versus �0.6, �4.8 versus �1.7, and �3.1 versus
1.5 kcal/mol for Phe2896.51, Phe2906.52, and Val1143.33, respectively.
This suggests that dispersion energies are primarily responsible for
interactions between the three residues and 1. The interaction en-
ergy between Phe1935.32 and 1 is �7.9 kcal/mol, corresponding to
three CH/p and one NH/p short contact. Phe1935.32 functions as a
CH acceptor (p donor), as well as a CH donor.

The CH/O hydrogen bond was found in Tyr3087.35. The interac-
tion energy is �8.2 kcal/mol, and the distance between the hydro-
gen of 1 and the phenoxy oxygen of Tyr3087.35 is 2.6 Å. Neither
hydrogen bonds nor CH/p hydrogen bonds were observed between
1 and Tyr308. Thus, this interaction can be attributed to the CH/O
hydrogen bond.

In summary, agonist 1 (BI-167107) is recognized through a vari-
ety of molecular interactions, including salt bridges, conventional
hydrogen bonds, CH/O, NH/p, and CH/p hydrogen bonds. Figure 4
summarized these interactions between b2AR and 1.

3.2. b2AR/inverse agonist complex

Inverse agonist 2 (carazolol) binds to b2AR through a variety
of molecular interactions, including salt bridges, conventional
Figure 4. Interaction map between b2AR and 1: Asp113, salt bridge hydrogen bond;
Ser203, Ser207, and Asn312, conventional hydrogen bonds; Phe193, NH/p hydrogen
bond; Tyr308, CH/O hydrogen bond; Val114, Phe193, Phe289, and Phe290, CH/p
hydrogen bonds.
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hydrogen bonds, CH/O, and CH/p hydrogen bonds, similar to the
agonist 1/b2AR complex. The interaction energies between 2 and
b2AR are summarized in Table 1. A salt bridge is formed between
Asp1133.32 and the amine component of 2 (interaction energy of
�134.8 kcal/mol). Two hydrogen bonds are formed between
Asn3127.39 and the ethanolamine component of 2 (interaction en-
ergy of �29.3 kcal/mol). Interaction energies between Asp1133.32

and Asn3127.39 and 2 would be markedly reduced by the desolva-
tion penalty, as well as the interaction of 1.

The carbazole component of 2 interacts with Ser2035.42 through
hydrogen bonds (interaction energies of �4.6 kcal/mol). Ser2075.46

has unattractive energies (+2.1 kcal/mol), while agonist 1 has
attractive energies (�2.8 kcal/mol). Interactions with these serines
differ between the agonist and inverse agonist.

Based on CHPI analysis, four residues (Val1143.33, Phe1935.32,
Phe2896.51, and Phe2906.52) were been found to have short CH/p
contacts with 2 (Table 2, Fig. 3b). The interactions with
Val1143.33 and Phe2906.52 are similar to that of b2AR/1, but the
interaction modes of Phe1935.32 and Phe2896.51 are different be-
tween the two ligands. The carbazole ring of 2 is surrounded by
Val1143.33, Phe1935.32, and Phe2906.52. Phe1935.32 interacts with
the aromatic component of 2, instead of Phe2896.51, as seen in
the b2AR/1 complex. The interaction energies are estimated to
be �4.8, �3.3, and �3.8 kcal/mol for Val1143.33, Phe1935.32, and
Phe2906.52, respectively. Phe289 is oriented towards the b hydro-
gen of 2, while in b2AR/1, Phe289 acts as a CH donor. Versatility
in the CH/p hydrogen bonds may allow for binding to both
ligands.

The CH/O hydrogen bond was found in Trp2866.48. The interac-
tion energy is �5.3 kcal/mol, and the distance between the alcohol
oxygen of 2 and the g hydrogen of Trp2866.48 is 2.6 Å. No hydrogen
bond or CH/p hydrogen bond is observed between 2 and
Trp2866.48. Thus, this interaction is attributed to the CH/O hydrogen
bond.

In summary, inverse agonist 2 (carazolol) is recognized through
a variety of molecular interactions, including salt bridges, conven-
tional hydrogen bonds, CH/O, and CH/p hydrogen bonds. Interac-
tions of 2 with b2AR are similar to 1/b2AR, but there are some
important differences. These differences are discussed in the fol-
lowing section.

3.3. Comparison of ligand interactions in the active and inactive
states

According to Kobilka et al. a conformational change in Ser2035.42

and Ser2075.46 occurs when agonist 1 is bound to b2AR, allowing for
Figure 5. Comparison of the CH/p networks observed in active and inactive states, ind
larger conformational changes in the cytoplasmic region. This is
associated with an alteration in the ligand/b2AR interaction. Table 1
lists the interaction energies changes when b2AR is bound to agonist
1 (active state) and inverse agonist 2 (inactive state). This is de-
scribed mathematically as DEMP2 = EMP2(agonist 1) � EMP2(inverse
agonist 2). Interactions in the active state (1/b2AR) for Ser2035.42

and Ser2075.46 are markedly stabilized, compared with the inactive
state (2/b2AR). The energies are �5.6 and �4.9 kcal/mol, respec-
tively, for Ser2035.42 and Ser2075.46.

The interaction modes of Asp1133.32 (salt bridge) and
Asn3127.39 (hydrogen bond) are similar in the two states. However,
the interaction energies of Asp1133.32 are distinct from each other:
�134.8 (inactive state) and �107.3 kcal/mol (active state). This
may be related to ligand affinity.

No change is observed in the conformation of Trp2866.48 be-
tween the active and inactive states, although the side chain of this
tryptophan is believed to rotate when the GPCR is activated. The
interaction energies of the b2AR are �3.4 and �5.3 kcal/mol for
the agonist and inverse agonist, respectively. The proximal dis-
tances of Trp2866.48 and ligands (the alcohol oxygen of the ligands
and the indole hydrogen of Trp2866.48) are 3.8 and 2.6 Å, respec-
tively. Involvement of the CH/O hydrogen bond, discussed in the
previous section, may explain the role of Trp2866.48 in shifting be-
tween the two states.

Val1143.33, Phe2896.51, and Phe2906.52 interact with b2AR
through CH/p hydrogen bonds in both states. These three residues
are highly conserved among adrenergic receptors (b1–3, a1A, a1B,
a1D, a2A, a2B, and a2C), dopaminergic receptors (D1–5), and seroto-
nergic receptors (5-HT1A, 5-HT1B, 5-HT1D, 5-HT1E, 5-HT1F, 5-HT2A,
5-HT2B, 5-HT2C, 5-HT4, 5-HT5A, 5-HT6, and 5-HT7).51 These GPCR li-
gands are almost exclusively composed of aromatic rings and
amine components. Thus, the CH/p hydrogen bonds contribute to
ligand recognition by the above GPCRs.

FMO results provide interaction energies between ligand and
GPCRs, allowing for semi-quantitative analysis. Thus, the FMO
method is useful for analyzing GPCR states.

3.4. Conversion of the CH/p network is dependent on the
receptor state

Kobilka et al. proposed that conversion between the active and
inactive states of b2AR are associated with changes in hydrophobic
packing. We hypothesized that CH/p hydrogen bonds contribute
significantly to the receptor state shift. CH/p hydrogen bonds ef-
fects on b2AR states were examined with regard to the CH/p
network.
icating that CH/p hydrogen bond and interaction energies between two residues.



Figure 7. Conformational change of Phe2826.44. (a) Superposition of the active and
inactive states. Magenta indicates the active state and green indicates the inactive
state. Magenta line indicates the back bone of b2AR. (b) Active state. (c) Inactive
state.

Table 3
Comparison of the interaction energies (in kcal/mol) for Phe2826.44 in active and
inactive states

Active Inactive Changes
EMP2

a EMP2
a DEMP2

b

Cys285 �0.1 �5.6 5.5
Trp286 �5.9 �9.5 3.6
Thr118 0.0 �3.6 3.6
Asp79 1.5 �0.9 2.4
Glu122 0.3 �1.0 1.3
Leu124 �1.2 �2.4 1.2
Val117 0.1 �1.1 1.2
Asn318 4.0 5.0 �1.0
Ile121 �1.4 �0.4 �1.0
Leu212 �1.5 �0.2 �1.3

a Interaction energies calculated at the MP2/6-31G level.

5236 T. Ozawa et al. / Bioorg. Med. Chem. 19 (2011) 5231–5237
Two states were analyzed by CHPI and FMO calculations. CHPI
can search for inter-residue CH/p hydrogen bonds occurring in
proteins, and FMO calculations can evaluate inter-residue interac-
tions. Combining the two methods allows semi-quantification of
the CH/p network. Figure 5 shows the CH/p network and interac-
tion energies among residues surrounding the agonist and inverse
agonist. Arrows and lines indicate CH/p hydrogen bonds and
hydrogen bonds, respectively, and the direction of the arrows
shows the direction of the CH donor to p acceptor interaction. This
CH/p network extends broadly from the cell surface to the trans-
membrane region core. The network is composed of Ile2946.56,
Tyr2095.48, Phe2085.47, Phe2906.52, Phe2896.51, inverse agonist,
Trp2866.48, Phe2826.44, and Leu1243.43, in the inactive state. In con-
trast, the interaction network was cleaved at Trp2866.48 and
Phe2826.44 in the active state. This difference in extension of the
CH/p network may contribute to the inactive state stability, com-
pared with the active state.

Agonist binding was accompanied by repositioning of
Phe2826.44, and loosed of CH/p hydrogen bonds in the active state.
Phe2826.44 is stabilized by the CH/p hydrogen bonds of Trp2866.48

and Leu1243.43 in the inactive state, while no CH/p hydrogen bond
is observed in the active sates. The conformational shift of
Phe2826.44 is closely linked to a TM6 rotation, leading to an out-
ward movement of the cytoplasmic end of TM6 (Fig. 6). Loss of
the CH/p hydrogen bonds could allow Phe2826.44 to shift during
activation.

Ile1213.40 forms CH/p hydrogen bonds with Trp2866.48 only in
the active state. Conformational changes in Ile1213.40 were ob-
served during activation of b2AR. It seems likely that this CH/p
hydrogen bond prevents the interaction between Phe282 and
Trp286, leading to inactivation of b2AR.

The movement of Ser2035.42 and Ser2075.46, accompanied by
binding of the agonist, leads to the inward movement of TM5,
including a 2.1 and 1.4 Å shift at positions Ser2075.46 and
Pro2115.50, relative to the inactive state. The movement of
Pro2115.50 causes repositioning of Ile1213.40, forming a CH/p
hydrogen bond with Trp2866.48. The formation of this CH/p hydro-
gen bond interferes with the Phe2826.44 and Trp2866.48 interaction.
As a result, Phe2826.44 shifts its position, resulting in an outward
movement of TM6, which can then bind the G protein. The recom-
bination of CH/p hydrogen bonds (Trp286/Phe282 in the inactive
state, Trp286/Ile121 in the active state) appears to function as a
molecular switch (Fig. 7). Mutations of Phe2826.44 (F282L, F282A,
Figure 6. Movement TM6 accompanied with binding of an agonist. Magenta
indicates the active state and green indicates the inactive state.

b Changes in the interaction energies between active and inactive state;
DEMP2 = EMP2(agonist 1 binding) � EMP2(inverse agonist 2 binding) at the MP2/6-
31G level.
and F282G) were constitutively active, meaning the receptor has
activity in the absence of the ligand.52 This supports the hypothesis
that the CH/p hydrogen bond of Trp2866.48/Phe2826.44 is stabilized
in the inactive state. We discuss interaction changes for Phe2826.44

in the following section.

3.5. Differences in interaction energies for Phe2826.44

The Phe2826.44 shift is critical for conversion between b2AR
states. Table 3 lists the interaction energies between Phe2826.44

and other residues in the active and inactive states. Residue
changes of over 1 kcal/mol between the two states are displayed.

Phe2826.44 was destabilized in the active state, compared with
the inactive state: Cys2856.47 (5.5 kcal/mol), Trp2866.48 (3.6 kcal/
mol), and Thr1183.37 (3.6 kcal/mol). Destabilization of Cys2856.47

results from a hydrogen bond break between the carbonyl oxygen
of Thr2816.43 and the amide nitrogen of Cys2856.47. Because of the
FMO fragment rule, the main-chain carbonyl group of ith residue
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was assigned to the (i + 1)th residue fragment (Fig. 1b). The ob-
served change between Phe2826.44 and Trp2866.48 is attributed to
loss of the CH/p hydrogen bond. Agonist binding shifted the orien-
tation of Phe2826.44 from TM3 to TM5, eliminating the interaction
with Thr1183.37. This interaction is similar to a CH/O hydrogen
bond between the carbonyl oxygen of Val1173.36 and the phenyl
hydrogen in Phe2826.44. Phe2826.44 was destabilized through loss
of the conventional hydrogen bonds, and weak hydrogen bonds
(CH/p and CH/O), in the active state, causing Phe2826.44 to shift.

4. Conclusions

Interaction energies were calculated using the ab initio FMO
method for b2AR in the active (agonist binding) and inactive (in-
verse agonist) states. Many nonpolar interactions, including CH/p
hydrogen bonds, were found in both states. Using CHPI analysis,
it has been found that the CH/p network broadly extends from
the cell surface to the core transmembrane region, and is involved
in a dynamic equilibrium between the active and inactive states. In
particular, Phe2826.44, which shifts its position during activation, is
destabilized by loss of both the conventional hydrogen bonds and
CH/p and CH/O hydrogen bonds. Recombination of the CH/p
hydrogen bonds occurred during conversion of the receptor state.
The CH/p hydrogen bond appears to function as a switch for b2AR.
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